Solar thermal electricity generation is taking up increasing proportions of future power generation worldwide. Recent research indicates that a closed-loop Brayton cycle using supercritical carbon dioxide (s-CO 2 ) offers the potential of higher power cycle efficiency versus the conventional superheated steam cycle at temperatures relevant for CSP applications. Thermal energy storage solves the time mismatch between the solar energy supply and the electricity peak demand and allows for a more efficient use of the turbine and other power block components. The narrow storage temperature range required for the s-CO 2 cycle advantages the use of latent heat storage, which has a higher storage density compared to the conventional two-tank storage. This paper demonstrates a design of a cascaded shell and tube phase change storage system potentially applicable for the s-CO 2 cycle. A previously developed effectiveness-number of transfer unit method is employed as a design guide and computational fluid dynamics modelling is performed to examine the sensible energy extraction. The results prove that the effectiveness of the extracted sensible energy can be increased by increasing the number of phase change storage systems in series. Stainless steel (SS) AISI 316 as well as a creep resistant SS AISI 446 is considered as the tube material in the design and results suggest that using AISI 446 can minimize the overall amount of storage and tube materials. Liu et al. / Energy Procedia 69 ( 2015 ) 913 -924 
Introduction
Using concentrating solar power (CSP) technology to generate electricity is of great interest internationally. The most common power cycle currently employed by existing CSP plants is Rankine cycle using subcritical steam. The turbine efficiency is limited to 42% with a maximum operating temperature of around 655 C, which is the practical limit for the steel alloy turbine materials [1] . Brayton power cycle using supercritical carbon dioxide (s-CO 2 ) has been proposed and investigated by a few groups [2] [3] [4] and thermodynamic cycle analysis indicated that the s-CO 2 cycle allows for a potential higher efficiency compared to steam Rankine cycles at dry cooling conditions [4] .
Thermal energy storage technology allows improved dispatch-ability of power output from the CSP plant and increases the plant's annual capacity factor. Most existing thermal energy storage systems currently use two-tank sensible heat storage with molten salts at 290 C (cold tank) and 565 C (hot tank). Latent heat storage using phase change materials (PCMs) potentially allows a large amount of energy to be stored in a relatively small volume by using the material's heat of fusion, resulting in a smaller and less costly storage system compared to sensible thermal storage systems. A significant amount of the energy is also stored and released at a constant temperature.
The cascaded latent heat storage is a promising solution as it offers a higher utilization of the possible phase change and a more uniform heat transfer fluid outlet temperature compared with the single PCM storage system [5] . Michels and Pitz-Paal [6] experimentally studied a vertical shell and tube heat storage system with NaNO 3 and three PCMs (KNO 3 , KNO 3 /KCl and NaNO 3 ) connected in series, respectively. The results showed that the single PCM was completely molten at the end of the charging but only 2% of the material was solidified in the discharging, which means 98% of energy was lost. In the three-PCM system, 92% of the PCM was molten at the end of charging and around 67% was solidified at the end of discharging. Farid and Kanzawa [7] and Farid et al. [8] evaluated the thermal performance of a thermal storage system employing three PCMs and proved that there is around 10% increase in the heat transfer rate during both the charging and discharging processes versus the system with one PCM. In a packed bed thermal storage system with five PCMs, the efficiency is improved by 13-26% compared to a single PCM system [9] . Furthermore, the second-law analysis has been carried out by multiple groups [10] [11] [12] and the results suggested that the second-law efficiency can be improved significantly by employing more than one PCM.
The effectiveness is a significant performance parameter to evaluate the actual energy exchanged within the PCM thermal storage system. Tay et al. [13] developed the effectiveness-number of transfer units ( -NTU) method and experimentally validated it for refrigeration applications where the amount of sensible energy is negligible. This method has been developed for various PCM storage configurations [14] [15] [16] and has a distinct advantage in design. It enables the designer to determine the actual heat transfer rate for a specific fraction of the PCM. Consequently, the amount of the material and the specifications of the heat transfer area can be quickly determined. This paper presents a design of a cascaded latent heat storage system, which enables a discharge duration of 6 hours for a 50 MWh solar tower power plant using s-CO 2 as the heat transfer medium. The analysis was conducted for a shell and tube type storage system with the PCM located between the tubes. This arrangement has been recognized as the most promising configuration for a latent heat storage system requiring high efficiency with a minimum volume [17] . The design parameters of the storage system, such as the number, length and diameter of the tubes, are estimated by using the -NTU method. Three-dimensional computational fluid dynamics (CFD) modelling by using ANSYS (version 15.0) was conducted to analyse the transient heat transfer behavior during charging and discharging. 
Nomenclature

Design parameters
A PCM thermal storage system was designed and applicable to a simple recuperative s-CO 2 Brayton power cycle configuration. The design of the PCM storage system is based on indirect storage, in which the thermal energy is indirectly stored in the PCM with s-CO 2 (20 MPa) as the working fluid in both the solar field and the power block. The advantages of this arrangement are the operational hazards and costs associated with solidification of molten salt are avoided. Also, the heat exchanger between the power block and the thermal system is removed. The use of s-CO 2 rather than molten salts as the heat transfer fluid leads to a reduction in the heat transfer performance of the storage system. However, as identified by Liu et al. [18] , the heat transfer fluid has a limited impact on the heat exchange rate due to the high heat transfer area required in the indirect PCM storage system. The storage system is a horizontal shell and tube (tube-in-tank) design, in which the high pressure s-CO 2 flows through the tube contained in the shell of the storage vessel (Fig. 1) .
As per the description for a simple s-CO 2 Brayton cycle in [2, 4] , the specifications for the storage system are presented in Table 1 . Compared to the conventional molten salt power towers with steam turbines, the useful temperature differential for storage is less. This lower temperature differential advantages the use of PCM, where the latent component of storage is more dominant. The design of the coil was based on stainless steel (SS) AISI 316 and AISI 446. At temperatures of 550 C and above, given the high internal pressure within the tube, for SS316, the failure due to creep is the critical design criterion. AISI 316 is being considered on the basis that it has reasonable corrosion resistance to the selected PCMs and also is due to its low cost. AISI 446 is considered due to its ability to operate at high temperature and resistant to creep. The corrosion resistance of this material has not been investigated. Based on a designers' handbook [19] , for a 100,000 hour life at 600 C, the stress to achieve rupture is 25 MPa. Based on this matching the hoop stress, together with a safety factor of 2.5, the tube design was fixed at inner diameter of 12 mm and a wall thickness of 5 mm for AISI 316 and 1 mm for AISI 446. This range was considered as the maximum range of material being considered. Further analysis is needed on these criteria, and is beyond the scope of this study.
A PCM system with three different PCMs was investigated in this study. A schematic diagram of a solar tower power plant with a cascaded PCM storage system is presented in Fig. 2 . To achieve a suitable storage system for CSP applications, the highest melting point of the PCM must match the required turbine inlet temperature. The PCM selected is a eutectic mixture of sodium carbonate, potassium carbonate and lithium carbonate (Na 2 CO 3 /K 2 CO 3 /Li 2 CO 3 ) with a melting temperature of 550 C [20] . A nominal latent heat of fusion of 200 kJ/kg was chosen to represent the average value across a range of salt mixtures [20] . To investigate the value of multiple PCMs, the second and the third PCMs were given the same properties, as indicated in Table 2 . The chosen melting point for the second (492 C) and the third PCM (433 C) was based on an equal temperature difference between each PCM during discharging. Table 2 . Thermo-physical properties for three PCMs. The energy storage density of the storage material determines the size and the cost of the storage system. Based on the PCM properties, the total energy storage density of the material, E, over a temperature range from 375 to 550 the sensible energy. However, for indirect PCM storage systems, the actual storage density is defined by the PCM volumetric fraction and the effectiveness in both charging and discharging, as investigated by Tay et al. [21] . Eq. 1 presents the useful energy storage density which can directly be compared to sensible storage.
With regards to applying this method to the CSP case, the effectiveness for charging and discharging are defined by Eqs. 2 and 3.
Previous research involved experimentally investigating the average effectiveness of a tube-in-tank arrangement within the PCM demonstrating its relationship to the average NTU (Eq. 4) [22, 23] . This average effectiveness can be derived from the local effectiveness, through evaluating the local thermal resistance between the heat transfer fluid and the PCM at the phase change front, in terms of the phase change fraction (Eq. 4). The average NTU represents the 1D average thermal resistance to heat transfer between the HTF and the PCM at the phase change front (Eq. 5). The thermal resistance is defined by the resistance in the convection layer of the fluid, and the conduction layer of the tube wall and PCM component which has already undergone phase change (Eq. 6) as shown in Fig. 3 . The average NTU can be presented by: Fig. 3 . Simplified model of the round shape factor (a) and thermal circuit (b) [13] .
The -NTU method has been well developed for refrigeration applications where the amount of sensible energy is negligible. Sensible energy storage is a significant component in CSP applications and in this case it represents 57% of the total energy density. However, given that an improved effectiveness for heat transfer during phase change will also translate to the improved effectiveness for heat transfer in sensible heat, it can be argued that the method can be particularly helpful as a tool for comparing designs. Final design will be achieved through the use of CFD. In this case, the design can be evaluated, by determining the effectiveness as a function of the total storage fraction (Eq. 7).
3. CFD modeling
Model description
Three-dimensional CFD modelling using ANSYS code which has been validated experimentally [15, 24] was used to analyse the transient heat transfer during the phase change process of different configurations of PCM arrangements as shown in Fig. 4 and Table 3 , subject to either charging or discharging. A number of simulations were conducted for the charging and discharging processes. Details of the simulations conducted can be found in Table 4 . The modelling of the phase change thermal energy storage system was based on the unsteady Navier-Stokes equations. The continuity, momentum, and energy equations follow the CFD model developed by Tay et al. [15, 24] . Similar to previous work [15, 24] , the CFX-PRE of the academic research code ANSYS was utilised. Three domains were created; the HTF and PCM were created as fluid domains while the tubes were created as a solid domain. The HTF and tube domains used the hexahedral cells while tetrahedral cells were assigned to the PCM domain. The grid dependency of the model was created based on the validated models developed by Tay et al. [15, 24] . Liquid and solid PCMs were created separately and added into a homogeneous binary mixture with a saturation temperature set as the phase change temperature. A sub-domain was also added to the PCM domain to create a large sink term. The convergence criterion of 1E-04 was applied. The time step for both the charging and discharging processes were set to 10 s. All boundary and initial conditions were similar to the model developed by Tay et al. [24] . 
E-NTU validation
To demonstrate the validity of the -NTU at identifying the actual heat transfer rate, a CFD analysis was conducted for the charging (case a) where there is small sensible energy component within the PCM. Using the -NTU analysis, the mass flow rate selected for the tube was 0.005 kg/s and the effectiveness was a function of the liquid phase change fraction as presented in Fig. 5 . In this case, the majority of the thermal resistance to heat transfer occurs in the PCM. Taking the outlet temperature and the specified liquid fraction from the CFD analysis, the local effectiveness as a function of the liquid fraction could be determined, and is presented in Fig. 5 . Generally a good agreement is shown, with the -NTU mostly understating the effectiveness. After a liquid phase change fraction of 0.95, the effectiveness begins to drop dramatically, deviating from the -NTU. Fig. 6 shows the liquid phase change fraction (LF) during charging at different stages of the phase change process, at different sections of the U tube. The figure shows that on average the thickness of the liquid fraction layer along the tube is constant at every time step. This is best reflected at the 900 mm from the inlet section, which is the midpoint of the U tube. This shows assuming 1D heat flow in the -NTU method adequately represents the average phase boundary during the phase change. At the 5 hour point, there was no longer any frozen PCM remaining around almost half the tube. This reflects a loss of heat exchange area between the tube and the PCM at the phase change front. At this point the effectiveness dramatically drops. Overall, the -NTU adequately determines the heat transfer from 95% of the stored energy during charging where the sensible component is negligible. Therefore, the -NTU can be used as a comparative design guide for this type of latent storage system. 
Multiple PCMs
During discharging, the resistance to the heat transfer within the PCM is defined by the thermal conductivity of the solid PCM. Given that the solid PCM's thermal conductivity is much lower than the liquid PCM, the focus of the thermal performance will be on discharging, as charging is expected to have a higher effectiveness.
To investigate the impact of multiple PCMs, a CFD model was conducted on a single U tube with PCM 1 (case c), and three PCMs (case d) applying the same PCM volume and tube length (Fig. 4(b) ). Using the -NTU, a mass flow rate of 0.0005 kg/s was determined. Fig. 7 shows the effectiveness as a function of the total storage fraction which includes both the sensible and latent storage energy. It was found that during discharging; the latent energy is transferred first followed by the sensible component. The first observation shown in Fig. 7 is that during the phase change, the multiple PCM experiences a lower effectiveness. This can be explained by each PCM having 1/3 of the area to transfer heat for the same mass flow rate, and therefore resulting in a higher thermal resistance. Of more significance, this result shows that extracting useful sensible energy stored within the PCM from a single PCM is limited, with the effectiveness dropping dramatically after the end of phase change. This drop occurs as the heat transfer fluid is unable to exchange heat with a high temperature source, as the U tube arrangement generally delivers a uniform temperature distribution. Multiple PCMs can potentially alleviate this problem by separating the temperature within the sensible storage. The sensible energy is distributed within the PCM 1 at lowest temperature and the PCM 3 at the highest temperature. Therefore the heat transfer fluid is able to exchange heat with a high temperature source. For an effectiveness of 0.8, 55% of the total storage fraction is useful for the multiple PCM case while for a single PCM this value is only 45%. Therefore, increasing the number of tanks in series enables greater extraction of the stored sensible energy. 
Design of PCM storage systems
Using the -NTU as a design guide, the geometry and tube material was determined, after which CFD was used to investigate the number of tanks in series to maximise the extraction of the sensible energy. The amount of PCM is defined by the load requirements and factors related to the expected useful energy that can be stored within the system. The amount of each PCM was determined based on nominal values from which the effectiveness was determined. Using this effectiveness the final size of the system could be found, and the amount of PCM was adjusted accordingly. Ultimately, any design process is techno-economic. Therefore, consideration of the amount of the tube material relative to PCM was a design requirement.
E-NTU design
The PCM storage system is taken to be an array of tanks, where for each PCM, a number of tanks are in parallel and each group of tanks for each PCM are in series. For each tank, a diameter of 4 m was applied, and the tube velocity was limited to 20 m/s, consistent with steam boilers. This was achieved by increasing the number of PCM tanks in parallel for each PCM. It was found that the thermal resistance in the heat transfer fluid, had a negligible impact on the NTU, and therefore the number of tanks in parallel was fixed at 15. Consequently, in the design process, any adjustment in the mass flow rate in each tube had a corresponding adjustment in the tube length and as per Eq. 5, resulted in no change in the NTU. Fluid properties of s-CO 2 were determined based on the average of the inlet and outlet temperatures across the PCM system. Based on the maximum discharge thermal output over the ideal temperature range of 375 to 550 C, the mass flow rate of 560 kg/s was determined. The amount of PCM was determined based on the ideal thermal load of 720 MWh, and for simplicity, the mass of each PCM was equal.
Beginning the design process at PCM 3, based on a chosen volume fraction of the PCM, the average effectiveness could be found. Then the average outlet temperature could be identified which became the inlet temperature for PCM 2. Following the same process the final average outlet temperature from PCM 1 could be determined, after which the overall average heat exchange effectiveness was determined. The same process was applied to charging, from which the overall charging effectiveness could be found. In this case, the mass flow rate was determined based on the ideal temperature change from 600 C to the melting point of PCM 3, and found to be 588 kg/s.
The design parameter used was the volume fraction of the PCM, as this directly relates to the amount of PCM and tube material. This parameter determined the volume of PCM around each tube which ultimately defines the thermal resistance in the PCM. This figure was adjusted to balance the amount of stainless steel tube compared to the mass of PCM, on a cost basis and the effectiveness. It was estimated that at approximately 20% of the PCM mass, the cost of the tube and PCM per volume of tank were similar. Overall for AISI 316, a volume fraction of 0.94 was chosen resulting in the mass of tube equating to 17% of the PCM mass. This resulted in a tube spacing of 80 mm. The design process was repeated using AISI 446. In this case, the volume fraction was limited to 0.9 and the mass of tube is equal to 11% of the PCM mass. The tube spacing reduced to 39 mm. Table 5 presents the average effectiveness for charging and discharging for each design. From this effectiveness, the final size of the PCM system can be identified based on the -NTU. This analysis does not consider the effectiveness in extracting sensible energy stored, and should only be used comparatively. As explained in Tay et al. [21] , the effectiveness is also a measurement of the actual energy exchanged divided by the total maximum energy exchanged. Therefore the mass of PCM that will enable 720 MWh of delivered energy to be extracted from the thermal storage is defined by Eq. 8. Consequently, the amount of PCM and tube materials needed with AISI 316 is 8,703 and 1,479 tons, respectively, and with AISI 446 is 5,777 and 635 tons, respectively. These values translate to AISI 316 requiring 50% more PCM and 2.3 times more tube material than by using AISI 446. This clearly demonstrates that using creep resistant tube material is able to minimise the amount of tube material and maximise the thermal performance and hence to minimise the system size and the cost. 
CFD design
To consider the system performance in extracting sensible energy storage, CFD modelling of the design was conducted. From the -NTU, the design with AISI 446 has a tube length for each PCM at 5.6 m, giving a total tube length of 16.8 m with a flow rate of 0.0046 kg/s. If the tube length is reduced to 2 m, this gives a mass flow rate of 0.005 kg/s. Fig. 8 presents the effectiveness as a function of the total fraction for this design. It shows that approximately half the total fraction is useful. From Fig. 8 , it was found that at the total fraction of 0.54, the effectiveness is 0.8. Beyond this point, the effectiveness of the system decrease dramatically. Taking the charging effectiveness to be unity, the final mass of the PCM was found to be 14,353 tons based on Eq. 9. 
Conclusions
A design process has been undertaken on a tube-in-tank PCM storage system that is potentially suitable for the s-CO 2 Brayton cycle, using the -NTU method and CFD modelling. Using the CFD, the -NTU method was found to adequately determine the local effectiveness for energy transfer of the latent phase in the U Tube design. Therefore, the -NTU method is effective as a comparative design tool. The CFD modelling identified that, a multiple PCM arrangement is required to effectively extract sensible energy stored within the PCM. Using the -NTU method, designs were developed considering both AISI 316 and 446. It was demonstrated that maximising the material strength could minimise the overall amount of PCM and tube materials. Increasing the number of PCM systems in series increases the effectiveness of the extracted sensible energy storage. Therefore, a number of useful strategies to achieve an effective design have been demonstrated which will enable an optimised design to be developed. However, designing a cascaded PCM storage system for an actual CSP plant is quite complex and this paper only presents some preliminary work and more detailed study will be carried out in the future work. 
